In groundwater treatment, after aeration, iron(II) is precipitated in rapid sand filtration (RSF) by homogeneous, heterogeneous and biological oxidation. The contribution of homogeneous iron(II) oxidation may be calculated from equations and constants available in the literature. Heterogeneous iron(II) oxidation produces hydrous ferric oxides coated filter sand, resulting in a growing filter bed height, from which the contribution of heterogeneous iron(II) oxidation may be estimated. The complement is contributed by biological iron(II) oxidation. At present this contribution may also be estimated by Gallionella spp. counts by quantitative real-time polymerase chain reaction. Based on field data of drinking water treatment plants from the Netherlands and Belgium, it appears that at pH ≈ 7.5 biological iron(II) oxidation is the main iron(II) removal process. At higher pH homogeneous iron(II) oxidation becomes dominant, while at lower pH heterogeneous iron(II) oxidation delivers a relevant contribution. The distribution of these oxidation processes is influenced by RSF operation such as presence of supernatant water, wet or dry (trickle) filtration, oxygen concentration, filter velocity, etc. Experience shows that the distribution between these three iron(II) oxidation processes may change over time. These results are important for RSF operation, iron sludge production, and fields like chemical well clogging.
INTRODUCTION
In the treatment of anaerobic groundwater to drinking water in Western Europe, iron(II) is usually removed by aeration and rapid sand filtration (RSF) producing hydrous ferric oxides (HFO). Drinking water prepared in this way meets the legal limit of <0.2 mg/l iron, usually containing <0.05 mg/l iron. Recently, Tekerlekopoulou et al. () reviewed this process.
In the oxidation of iron(II) to HFO, three processes may be distinguished (Böhler ; van Beek et al. ): homogeneous (¼flocculent) oxidation, heterogeneous (¼adsorptive, autocatalytic, or contact) oxidation and biological oxidation.
Homogeneous iron(II) oxidation is characterized by the oxidation of dissolved iron(II) by dissolved oxygen, subsequent hydrolysis and precipitation of HFO: 
From Equation (1) it is clear that homogeneous oxidation is favored by a high oxygen concentration and a high pH. These conditions are achieved by very intensive aeration, as in aeration-degassing-towers. In this process HFO flocs will develop and accumulate in the aeration tank and/or in the supernatant water on top of the filter bed, and, as long as dissolved iron(II) is present also in the filter bed. The presence of this sludge on top of the filter bed makes regular backwashing necessary.
In heterogeneous iron(II) oxidation several steps may be distinguished: first adsorption of dissolved iron(II) by HFO surfaces (S-OH 0 : surface hydroxyl group), followed by oxidation of the adsorbed iron(II). The final step is hydrolysis of the adsorbed ferric iron:
Equation (2) shows that for heterogeneous oxidation HFO-surfaces are necessary for adsorption. Consequently, this process will mainly occur inside the filter bed and the development of HFO precipitates on these surfaces will result in growing filter-grains. Consequently, heterogeneous iron(II) oxidation is characterized by an increase over time of the thickness of the filter bed.
Characteristic for heterogeneous iron(II) oxidation is that adsorption and oxidation may occur separated in time. This phenomenon is advantageously applied in subsoil iron removal (SIR) (van Beek ).
Biological iron(II) oxidation may be represented as:
In natural systems this oxidation process generally occurs under rather special conditions: dissolved iron(II)-oxygen interfaces, generally characterized by variable iron(II) but low oxygen concentrations and slightly acid to neutral (5.5 < pH < 7.0) conditions (Emerson & Weiss ) . Recently, it was shown that the combined presence of dissolved iron(II) and oxygen is the main prerequisite for biological oxidation by Gallionella ferruginea (Hanert ), a condition which is representative for RSF. Indeed, Here we will derive the contribution of homogeneous, heterogeneous and biological iron(II) oxidation and precipitation in the treatment of anaerobic groundwater to drinking water by aeration and RSF under various conditions. We will do this with the help of data from full-scale operation water treatment plants (WTPs) and one pilot plant. These data are representative for usual operational field conditions and cover a wide range of groundwater chemistries.
As soon as the optimal conditions for each of these processes are available, it is possible to optimize WTPs with respect to iron(II) removal. Moreover, the results of this study are of relevance to other fields where iron(II) precipitation plays a role, like well clogging.
CALCULATION OF THE CONTRIBUTION OF EACH OXIDATION PROCESS
The rate equation for homogeneous oxidation may be represented as (Stumm & Morgan ) : .s
À1
. Figure 1 shows the fraction of iron(II) oxidized as a function of pH for three residence times.
As in RSF a residence time of 10 minutes is considerable, this figure shows that under these conditions removal of dissolved iron(II) by homogeneous oxidation becomes incomplete to negligible at pH < 7 to 7.5. However, Equation (5) 
However, Equation (7) 
(, ).
If no iron and/or Gallionella spp. mass balance is available, the contribution of biological iron(II) oxidation may be estimated as the complement of homogeneous and heterogeneous iron(II) oxidation.
As iron oxidizing bacteria (FeOB) need surfaces for their attachment, this process may only occur inside the filter bed.
Over time the pores inside the bed will become clogged by biomass and by biologically produced HFO, making regular back-washing necessary.
RESULTS AND DISCUSSION

Distribution of oxidation processes under usual operational conditions
The contribution of the various iron(II) oxidation processes to iron(II) removal by aeration and RSF has been determined in WTPs under usual operational conditions.
In aeration and RSF many varieties may be distin-
which are fine-tuned to the chemical composition of the abstracted groundwater to be treated. In this research four classes have been distinguished, see Table 1 .
The resulting increases in pH in Table 1 are averages: the increase in pH not only depends on the intensity of aeration, but also on the buffer capacity of the aerated water. The most relevant conclusion from this table is that under usual operational conditions biological oxidation of iron(II) is the main oxidation process, except at pH > 7.6 to 7.8 where homogeneous oxidation of iron(II) is the dominant oxidation process, and with a relevant contribution of heterogeneous oxidation at pH < ca. 7.
Distribution of oxidation processes as influenced by filter velocity Table 2 shows the combined effect of abstracted groundwater chemistry and RSF operation on iron removal. oxidation with increasing filter velocity may be most elegantly explained by a decreasing attachment capacity of Gallionella spp. with increasing filter velocity and, according to Table 2 , with decreasing pH.
Distribution of oxidation processes in pilot-plant trickling filters
In order to get a better understanding of the removal of iron (II) in trickling filters, pilot-plant experiments (Ø ¼ 1 m 2 ) were executed. These filters were filled with anthracite (1.4 to 2.5 mm) in WTP Lekkerkerk (Oasen) and with sand (1.7 to 2.5 mm) in WTP De Hooge Boom (Oasen). They were operated with two velocities, while the bed surface height was continuously monitored and the actual yield was regularly determined. 
Calculation contribution iron(II) removal by biological oxidation (%)
Sum homogeneous here to measure pH and oxygen concentration before filtration, the values after filtration have been used. Because these waters are well buffered, substitution of these values results in a slight under-estimation of the contribution of homogeneous iron(II) oxidation to total iron(II) removal.
The contribution of heterogeneous iron(II) oxidation has been calculated with the help of Equations (9) and (10) Table 4 . Conditions in FC42 are very stable. This is confirmed by the contribution of biological iron(II) oxidation: depending on the yield factor applied, the last five measurements remain constant at either circa 25 or circa 60%. As the sum of homogeneous and heterogeneous iron (II) oxidation is estimated at 60%, the contribution of biological iron(II) oxidation amounts to circa 40%, which is within Table 4 . This is only possible if the contribution of homogeneous iron(II) oxidation decreases over time, which is in contradiction with Table 4 . Whatever, all these observations indicate a continuous competition between homogeneous, heterogeneous and biological iron(II) oxidation. Application of various filter velocities in WTP Balen (Pidpa) and in the trickling filter pilot-plants (Oasen) showed that the contribution of heterogeneous iron(II) oxidation increased with increasing filter velocity. As the pH of the treated water was 6 to 7, the contribution of homogeneous iron(II) oxidation was either absent or minor.
Apparently, by decreasing pH and by increasing filter velocity conditions for Gallionella spp. become adverse, which might be ascribed to problematic attachment of Gallionella spp. to filter bed material under these conditions. The three iron(II) oxidation processes distinguished in RSF have consequences for the type of iron sludge produced, the operation of RSF in particular for backwashing, the filter material, etc.
At high pH and in the presence of supernatant water iron sludge will be produced mainly by homogeneous iron(II) oxidation, consisting of very small, low-density flocs, which may necessitate extra treatment for settling. At lower pH biological iron(II) oxidation will produce firm, high-density sludge, and at even lower pH heterogeneous iron(II) oxidation will produce no sludge, but growth of filter grains. However, depending on the method of backwashing (whether or not turbulent, with or without air, etc.) iron sludge produced by biological iron(II) oxidation may contain variable admixtures of HFO-growths released by rubbing the HFO-coated grains against each other.
In Table 5 It appears that in drinking water production over the pH range circa 6.5 to about 7.7 biological iron(II) oxidation is the main process, while at higher pH homogeneous iron (II) oxidation is the dominant process. At lower pH (6.5-7)
heterogeneous iron(II) oxidation is relevant. This distribution is sensitive to RSF operation, such as height of supernatant water, filter velocity, oxygen concentration and whether or not there is application of trickling filtration, and does not need to be constant over time.
These three iron(II) oxidation processes produce three different types of HFO sludge, i.e. very small, low density flocs, sometimes needing after treatment for settling by homogeneous iron(II) oxidation, no sludge, but growth of filter grains by heterogeneous iron(II) oxidation, and firm, high density sludge by biological iron(II) oxidation. These characteristics are important for the use of these residuals.
A good understanding of the oxidation of iron(II) by oxygen under circum-neutral conditions is not only relevant for the treatment of groundwater to drinking water, but actually everywhere where this process is relevant, for instance clogging of groundwater abstraction wells by accumulations of HFO. 
